The low-affinity nerve-growth factor receptor p75 NTR interacts in vitro with the rabies virus (RV) glycoprotein and serves as a receptor for RV. The Lyssavirus genus comprises seven genotypes (GTs) of rabies and rabies-related viruses. The ability of p75 NTR to interact with the glycoprotein of representative lyssaviruses from each GT was investigated. This investigation was based on a specific binding assay between BSR cells infected with a lyssavirus and Spodoptera frugiperda (Sf21) cells expressing p75 NTR on the cell surface. A specific interaction was observed with the glycoprotein of GT 1 RV (challenge virus standard or Pasteur virus strains) as well as wild-type RV and the glycoprotein of GT 6 European bat lyssavirus type 2. In contrast, no interaction was detected with the glycoprotein of lyssaviruses of GTs 2-5 and 7. Therefore, p75 NTR is only a receptor for some lyssavirus glycoproteins, indicating that the other GTs must use an alternative specific receptor.
Introduction
Lyssaviruses are the aetiological agents of rabies encephalomyelitis. The Lyssavirus genus (rabies and rabies-related viruses) in the family Rhabdoviridae had been divided previously into four serotypes, 1 [rabies virus (RV)], 2 [Lagos bat virus (LB)], 3 [Mokola virus (Mok)] and 4 [Duvenhage virus (Duv) and European bat lyssaviruses (EBL)] (King & Crick, 1988 ; Rupprecht, 1991 ; Schneider et al., 1973) according to the cross-reactivity of neutralizing antibodies. However, the lyssaviruses are divided currently into seven genotypes (GTs) : the prototype strains are classic RV (GT 1), LB (GT 2), Mok (GT 3), Duv (GT 4), EBL types 1 (GT 5) and 2 (GT 6) and Australian bat lyssavirus (ABL) (GT 7) (Bourhy et al., 1993 ; Gould et al., 1998) . These GTs have been divided recently into two phylogroups, members of which differ in pathogenicity and immunogenicity : phylogroup I comprises viruses of GTs 1 and 4-7, whereas phylogroup II comprises viruses of GTs 2 and 3 (Badrane et al., 2001) .
Lyssaviruses are enveloped viruses with glycoprotein (G protein) spikes that associate into trimers (Gaudin et al., 1992) . The G protein is a type I integral transmembrane protein with Author for correspondence : Christine Tuffereau.
Fax j33 1 69 82 43 08. email ctuffer!gv.cnrs-gif.fr an ectodomain that can be divided into two immunologically autonomous halves, each providing a protective immune response (Bahloul et al., 1998 ; Jallet et al., 1999) . The G protein is involved also in the induction of both virus neutralizing antibodies (Wiktor et al., 1973) and immune protection (Perrin et al., 1985) and in the attachment of the virus to the target cell (see below).
With the exception of the beginning and end of the virus infectious process, i.e. when the viruses infect non-neuronal tissues, lyssaviruses multiply and propagate exclusively in neurones. This restricted tropism in vivo is also observed in vitro, as lyssaviruses isolated from the salivary glands or brains of rabid animals mostly infect cell lines of neuronal origin. In contrast, laboratory strains, which have been adapted for cell growth in vitro, grow in non-neuronal cells as well. It has been suggested, but not demonstrated, that, whereas the use of specific receptors would explain in vivo neurotropism, the adaptation to non-neuronal cells is, at least, due partly to the ability of laboratory strains to use ubiquitous receptor molecules. Various receptor candidates for RV and its glycoprotein have been proposed, such as phospholipids (Perrin et al., 1982 ; Rupprecht et al., 1994 ; Superti et al., 1984) , gangliosides (Superti et al., 1986) and proteins (Broughan & Wunner, 1995 ; Perrin et al., 1982) that are present on most cell types investigated to date (Seganti et al., 1990) . More neuronal-specific protein receptors include the nicotinic acetylcholine receptor (Lentz et al., 1984 (Lentz et al., , 1986 , the neural cell adhesion molecule (NCAM) (Thoulouze et al., 1998) and the mouse lowaffinity nerve-growth factor receptor p75 NTR (Tuffereau et al., 1998 b) . NCAM has been identified as a receptor for the celladapted challenge virus standard (CVS) strain of RV. p75 NTR was identified in an expression clone of a cDNA library (from a neuroblastoma cell line) using a soluble form of the RV G protein (Gs) as a ligand (Tuffereau et al., 1998 b) . It was then demonstrated that p75 NTR can serve as a receptor for RV, as BSR cells stably expressing p75 NTR could be infected with a wild-type strain of RV (isolated from a rabid fox), which was unable to replicate in cells that did not express the protein. p75 NTR is a type I glycoprotein that belongs to the tumour necrosis factor receptor superfamily and posses an ectodomain containing four cysteine-rich domains and a serine\threonine-rich stalk which is highly O-glycosylated. Its intracellular domain bears a ' death ' domain (Chao, 1994) . In adults, p75 NTR was reported to be expressed in several categories of neurones as well as in others tissues, such as muscle, inner ear, testes or sub-maxillary glands. In neurones, the expression of p75 NTR is located mainly at the synapses.
The restricted neuronal tropism of the RV G protein was also demonstrated by evidence of specific binding of Spodoptera frugiperda (Sf21) cells expressing the RV G protein on the surface to neuronal cells of various origins, whereas no binding was observed with the non-neuronal cell lines tested (Tuffereau et al., 1998 a) . In order to investigate whether p75 NTR could interact with lyssaviruses other than RV, we have used Sf21 cells in a reverse-binding assay. This assay was based on the specific interaction between infected BSR and Sf21 cells expressing cell surface lyssavirus glycoproteins and p75 NTR , respectively.
Methods
Mice and cells. Male Swiss OF1 mice [young mouse (10 g), adult mouse (20 g)] used for the amplification of wild-type RV isolates and virus titration were purchased from the Centre d 'Elevage et de Recherche Janvier, France.
BSR (cloned from baby hamster kidney cells, BHK-21) (Sato et al., 1977) , BHK-21 and Neuro2a (murine neuroblastoma) cells from the ATCC were grown in Eagle's minimal essential medium (MEM) (Life Technologies) supplemented with 8 % foetal bovine serum (FBS) at 37 mC. These cells were used to propagate the different lyssaviruses. After infection, BSR cells were also used for binding assays. Sf21 cells (Invitrogen) were grown in TC100 (Life Technologies) medium supplemented with 10 % FBS at 28 mC.
Lyssaviruses. Cell-adapted viruses from the seven lyssavirus GTs were used : RV [GT 1 strains Pasteur virus (PV) and CVS], LB (GT 2), Mok (GT 3), Duv (GT 4), EBL-1 (GT 5), EBL-2 (GT 6) and ABL (GT 7). The celladapted PV and CVS RV strains were grown in BHK-21 cells (Perrin, 1996) . Low passages of LB (strain LB1-8619, isolated from a bat in Nigeria), Mok (strains Mok2-Zim and P11, isolated on 10 February 1989), EBL-1 (strain 8916FRA, subtype b, derived from a bat from France) and EBL-2 (strain 9007FIN, subtype b, isolated from a human in Finland) were received from H. Bourhy (Bourhy et al., 1993) and amplified in BSR cells, as described previously . Duv (bat isolate 1486\81, mouse passage no. 3), obtained from C. D. Meredith (Veterinary Institute, Ondersterpoort, South Africa), was passaged once in mouse brain, five times in Neuro2a cells and once in BSR cells to obtain 100 % infection. ABL was received from F. Cliquet (AFSSA, Malzeville, France) as low intracerebral passages in mice and directly adapted to BSR cells by four passages. Cell-adapted lyssaviruses were titrated as described by Smith et al. (1996) . Titres of virus preparations are expressed as fluorescent focus units per ml. For each lyssavirus, we diluted the clarified BSR-infected cell supernatant such that 100 % of the cells were infected after 48 h.
Antibodies. FITC-conjugated rabbit anti-ribonucleoprotein (RNP) polyclonal antibodies (PAbs) were prepared as described elsewhere (Perrin, 1996) and were used to monitor virus infection. For immunoprecipitation of lyssavirus glycoproteins, specific PAbs or monoclonal antibodies (MAbs) were prepared in different species : PV PAb (rabbit), LB PAb (mouse), Mok PAb (rabbit) and EBL-1 PAb (mouse) Jallet et al., 1999) .
Hybridoma cells [200-3-G6 (20-4) ] secreting the specific anti-p75 NTR MAb were obtained from the ATCC and ascites fluids were produced in BALB\c mice from the Centre d'Elevage et de Recherche Janvier.
BSR cell infection. BSR cells (2i10') were plated onto Petri dishes (6 cm in diameter) treated with poly()-lysine (Sigma). Cells were cultured for 24 h in Dulbecco's MEM (DMEM) supplemented with 10 % FBS at 37 mC in a humidified atmosphere containing 7n5% CO # . After the removal of the medium, cells were infected with the various lyssaviruses diluted in 1 ml DMEM to infect about 100 % of cells. After virus adsorption for 1 h at room temperature, 2 ml of DMEM supplemented with 2 % FBS were added and cells were incubated for 48 h at 37 mC in a humidified atmosphere containing 7n5% CO # .
RV protein immunoprecipitation.
Proteins were radiolabelled and immunoprecipitations were carried out according to Mebatsion et al. (1999) Immunoprecipitation of lyssavirus proteins expressed on the cell surface was performed at 48 h post-infection. Cells were washed with 1 ml of MEM and incubated with lyssavirus-specific antibodies under optimal conditions (see Fig. 2 B) for 1 h at 37 mC. Cells were then washed in PBS (Ca + \Mg# + ) and lysed in 2 ml of lysis buffer (10 mM Tris-HCl pH 7n4, 150 mM NaCl, 1 % Triton X-100, 0n5 % sodium deoxycholate) for 30 min at 37 mC. Cell extract was pelleted for 2 min at 10 000 g and 100 µl of protein A-Sepharose (Amersham Pharmacia) was added to the supernatants. After incubation for 90 min at room temperature and centrifugation for 2 min at 10 000 g, protein complexes were washed twice in lysis buffer supplemented with 0n45 % SDS, centrifuged again and suspended in Laemmli buffer. Protein analysis was performed by SDS-PAGE.
Immunoprecipitation of intracellular viral proteins was carried out as described above except that anti-RNP serum (1\200 dilution) was added to the cell extract after detergent cell lysis. Immune complexes were treated as described above.
Recombinant baculovirus encoding p75
NTR . The human p75 NTR -coding sequence was amplified by PCR using the specific oligonucleotides 5h GCGGGATCCCGGGCGATGGGGGCAG 3h and 5h CGCGGATCCTCATCACACCGGGGATGTGGC 3h, which hybridize to the complementary 5h and 3h ends of the human p75 NTR - coding sequence, respectively. The amplified cDNA fragment was digested with BamHI and inserted into the transfer vector pAcYM1 (Matsura et al., 1987) . Recombinant plasmids were used to co-transfect Sf21 cells, together with linearized lacZ DNA from the Autographa californica nuclear polyhedrosis virus. Two rounds of plaque purification with Sf21 cells isolated recombinant baculoviruses. A virus stock was prepared and titrated in Sf21 cells.
Binding of the RV Gs protein to Sf21 cells expressing p75
NTR (p75-Sf21). A soluble form of the RV G protein (Gs) was produced as described previously (Tuffereau et al., 1998 b) . The Gs protein, which was released in the supernatant of cells expressing the fulllength glycoprotein, has been shown to interact with p75 NTR -expressing COS-7 cells. Medium containing the Gs protein was added to paraformaldehyde-fixed p75-Sf21 cells. After a 2 h incubation at room temperature, cells were treated with specific anti-G protein MAbs and FITC-conjugated goat anti-mouse secondary antibody, as described by Tuffereau et al. (1998 b) .
Binding assays.
(i) With radiolabelled live p75-Sf21cells. BSR cell monolayers infected with various lyssaviruses were incubated in the presence of a suspension of p75-Sf21 cells. Before the binding assay, Sf21 cells (7n5i10' cells in TC100 medium supplemented with 10 % FBS) were cultured in Petri dishes (120 mm in diameter) and infected with the recombinant p75 NTR baculovirus (m.o.i. of 5) for 6 h at 28 mC. The cells were then incubated with [$&S]methionine\cysteine (ICN) (1n85 MBq of Trans-label was used per 10( cells) for 24 h at 28 mC. Before use, p75-Sf21 cells were suspended in DMEM supplemented with 5 mM EDTA, pelleted and resuspended to obtain a density of 10' cells per ml. A 2 ml suspension of p75-Sf21 cells was then added drop-wise onto the infected BSR cell monolayer (in triplicate). After 30 min of incubation at room temperature, unbound p75-Sf21 cells were removed by washing three times with PBS, pH 7n4. The bound p75-Sf21 cells were scraped into 1 ml of TD buffer (137 mM NaCl, 25 mM Tris-HCl, 0n7 mM Na # HPO % , 5 mM KCl, pH 7n4) supplemented with 10 mM EDTA. Sf21 cells expressing β-galactosidase (lacZ-Sf21) were used as the control cell line. 
Results

Functional expression of p75 NTR on the surface of Sf21 cells
After infection with a recombinant baculovirus encoding the p75 NTR receptor, a significant amount of p75 NTR was detected on the cell surface of p75-Sf21 cells by immunofluorescence [ Fig. 1 B (1) ]. Furthermore, specific binding of the RV Gs protein can be observed on p75-Sf21 cells [ Fig. 1 A (1) ], indicating that a functional p75 NTR protein was expressed on the surface of Sf21 cells after infection with the recombinant baculovirus. Therefore, these cells were used to monitor the interaction between the lyssaviruses G protein and p75 NTR .
Lyssavirus G protein expression on the surface of BSR-infected cells
We first investigated the expression of viral proteins after infection. Under optimal conditions, about 100 % of BSR cells showed intracytoplasmic RNP inclusions, irrespective of the lyssavirus that was used for infection (data not shown). In addition, cells were tested either by immunofluorescence on formaldehyde-fixed cells (data not shown) or by cell surface immunoprecipitation for their ability to express glycoproteins on the surface. Immunoprecipitation of proteins expressed on the surface of BSR cells infected with each lyssavirus was also performed (Fig. 2) . For RV strain PV (Fig. 2, lanes 1-4) , when antibodies directed against the RV G protein (Fig. 2, lane 1) or RNP (Fig.  2 , lane 2) were added prior to cell lysis, the surface G protein was immunoprecipitated but the internal RNP was not. RNP (mainly nucleoprotein) was precipitated only when cells were lysed before adding the antibodies (Fig. 2, lane 3) and no precipitation was observed with non-infected BSR cells (Fig. 2,  lane 4) . Therefore, immunoprecipitation with antibodies prior to cell lysis only allows the detection of RV G protein expressed on the cell surface and can be used to compare the cell surface expression of the different lyssavirus G proteins.
After infection with a virus representative of each lyssavirus GT, a significant amount of G protein was immunoprecipitated (Fig. 2, lanes 5-11) for each virus. Consequently, the following binding assay with lyssavirus-infected BSR cells and p75-Sf21 cells can be performed under satisfactory experimental conditions.
Specific binding between RV G protein and p75
NTR
We developed specific binding assays to assess the interaction of lyssavirus G protein with p75 NTR . We monitored either the binding of radiolabelled RV-infected BSR cells to Sf21 cell monolayers expressing large amounts of p75 NTR on the surface after infection with a recombinant baculovirus (p75-Sf21) or the symmetrical experiment.
In the first assay, while radiolabelled BSR cells infected with RV strain CVS (GT 1) bound to monolayers of p75-Sf21 cells [ Fig. 3 A, NIS (non-immune serum) ], pre-treatment of p75-Sf21 cells with anti-p75 antibodies inhibited binding according to the antibody concentration used (Fig. 3 A, p75 -MAb at a 1\50 or 1\150 dilution). RV-infected BSR cells did not bind to Sf21 cells expressing β-galactosidase (lacZ-Sf21) (data not shown). These results indicate clearly that p75 NTR , expressed on the surface of p75-Sf21 cells, alone was involved in the binding to RV-infected BSR cells and that no co-receptor was required.
In the second assay, while radiolabelled p75-Sf21cells bound to monolayers of BSR cells infected with RV strain PV (GT 1) (Fig. 3 B, medium) , pre-treatment of RV-infected BSR cells with an anti-G protein immune serum inhibited binding (Fig. 3 B, G-PAb at a 1\100 dilution), whereas no significant decrease in binding was observed upon treatment with NIS at a 1\100 dilution. As we have shown that the RV G protein was the only viral protein expressed on the surface of RV-infected cells (Fig. 2) , this clearly indicates that the G protein is involved in the binding to p75-Sf21 cells. Consequently, this binding (GTs 1-7) . Monolayers of BSR cells were infected at an m.o.i. that would result in the expression of lyssavirus glycoproteins on the surface of about 100 % of cells. At 48 h after infection, cells were incubated with radiolabelled p75-Sf21 cells. Representative viruses for each GT were RV (strain PV) for GT 1, LB for GT 2, Mok for GT 3, Duv for GT 4, EBL-1 for GT 5, EBL-2 for GT 6 and ABL for GT 7. Each value represents the mean of a triplicate set of results for the same experiment.
reaction is dependant on the specific interaction between the RV G protein and p75 NTR and will be used to address the ability of the different lyssavirus glycoproteins to interact with p75 NTR .
Binding of p75-Sf21 cells to lyssavirus-infected BSR cells
We studied the interaction between representative viruses of each lyssavirus GT and p75 NTR by incubating BSR cells infected with lyssaviruses (GTs 1-7) with radiolabelled p75-Sf21 cells. The binding efficiency of p75-Sf21 cells depends on the lyssavirus GT (Fig. 4) . p75-Sf21 cells binds with a similar efficiency to cells infected with lyssaviruses from GTs 1 (Fig. 4 , RV strain PV) or 6 (Fig. 4, EBL-2) . In contrast, no significant binding was observed with non-infected cells (Fig. 4, ni) or with BSR cells infected with viruses of GTs 2 (LB), 3 (Mok), 4 (Duv), 5 (EBL-1) or 7 (ABL). This absence of interaction was not due to the low levels of G protein expressed on the surface of the infected cell, as the amounts of G protein were found to be similar after specific immunoprecipitation of the G protein expressed on the surface of BSR cells infected with any lyssavirus (Fig. 2 B) . Thus, Sf21 cells expressing p75 NTR specifically bound only to BSR cells infected with lyssaviruses of GTs 1 and 6, suggesting that the G protein of viruses belonging to GTs 2-5 and 7 could interact with other receptor(s).
Discussion
Very few comparative studies on lyssaviruses have been published to date (most are reviewed by Rupprecht et al., 1994 ; Badrane et al., 2001) . This is particularly true for the interaction between lyssaviruses and their receptors. In this paper, we have investigated the interaction between lyssavirus glycoprotein G and p75 NTR , which has been shown previously to interact with the GT 1 RV glycoprotein (Tuffereau et al., 1998 b) .
For this purpose, we developed a specific binding assay between lepidopteran Sf21 cells expressing p75 NTR on the surface after infection with a recombinant baculovirus and BSR cells infected with lyssaviruses. We first showed that Sf21 cells expressing p75 NTR bound specifically to RV, but not to cells infected with the vesicular stomatitis virus (prototype virus of the genus Vesiculovirus, family Rhabdoviridae) (data not shown). This binding was inhibited by the pre-treatment of either p75-Sf21 cells with anti-p75 MAb or RV-infected BSR cells with an anti-G protein antiserum. This binding was found to be the same as that which was conducted for the identification of p75 NTR as a receptor for RV, where the RV G protein was expressed on the surface of Sf21 cells and p75 NTR was expressed in BSR cells (Tuffereau et al., 1998 b) . Taken together, these experiments indicate that binding assays between Sf21 cells and mammalian cells, each expressing either the protein or its ligand on the surface, may be a simple alternative method for analysing virus-receptor interactions. Moreover, this method does not require the production and purification of soluble proteins and can be used to assess the interaction of wild-type virus isolates. For example, using a similar binding assay, Hsu et al. (1998) have shown that Sf21 cells expressing the Edmonston measles virus H protein (but not those expressing the wild-type H protein) bind specifically to CD46-expressing cells.
Using this type of assay, we have shown that only GT 1 (CVS, PV and wild-type RV isolates) and the related GT 6 (EBL-2) lyssaviruses bound to p75 NTR . No interaction was detected with lyssaviruses from the other genotypes. Among the lyssaviruses that were found to be unable to interact with p75 NTR , binding with the Mok virus glycoprotein was intensively studied (data not shown). A wild-type Mok virus isolate did not infect BSR cells that stably expressed p75 NTR , whereas a wild-type RV isolate efficiently replicated in these cells. Moreover, p75-Sf21 cells did not bind to Neuro2a cells transiently transfected with a plasmid encoding the Mok virus G protein, whereas they did bind to cells transiently expressing the G protein of RV strain PV. This clearly indicates that only viruses belonging to GTs 1 and 6 interact with p75 NTR .
Lyssaviruses have been classified into seven GTs, which can be divided into two phylogroups (Badrane et al., 2001 ; Bourhy et al., 1993) . Thus, the ability of lyssavirus glycoprotein to interact with p75 NTR is preserved for only two GTs from phylogroup 1 (GTs 1 and 6), but not for three others (GTs 4, 5 and 7). Glycoprotein sequence comparisons between the lyssaviruses used in this study do not give a clear indication about the localization of the potential binding site. Previous results suggest that antigenic site III could be involved in the p75 NTR interaction, which has been shown by the K$$!N and R$$$M substitutions in the RV G protein that reduced the binding to p75 NTR (Tuffereau et al., 1998 b) . In order to identify precisely the p75 NTR -binding site on the RV G protein, we are selecting mutants resistant to a soluble form of p75 NTR . This strategy has been successfully used to perform fine mapping of the binding site with a few virus receptors, such as those for poliovirus (Colston & Racaniello, 1994) and coronavirus (Saeki et al., 1997) . Although we have shown that p75 NTR can serve as a receptor for a wild-type isolate allowing in vitro cell infection (Tuffereau et al., 1998 b) , its role in vivo is not clear. p75 NTR -deficient mice developed a fatal encephalitis when inoculated intracerebrally with the cell-adapted CVS-11 strain of RV (Jackson & Park, 1999) , but this was delayed (1-2 days) when a wild-type RV isolate was inoculated intramuscularly (C. Tuffereau and P. Perrin, unpublished observations) . However, it has been reported that a mRNA splice variant of p75 NTR , which lacks exon 3, has been discovered (Dechant & Barde, 1997 ; G. Dechant, personal communication) . This alternative spliced form is, apparently, still expressed in the original p75 knockout mice, which have a deletion of the p75 exon 3, brought about by homologous recombination. If confirmed, the presence of this alternate transcript permits the re-evaluation of the conclusions drawn from studies using the p75 knockout mice. Other mice that are completely deficient in p75 NTR should be tested for wild-type RV infection. It is also possible that several neuronal receptors can mediate RV infection. Indeed, we have demonstrated that neuroblastoma cell lines that do not express p75 NTR , were able to bind specifically the RV glycoprotein (C. Tuffereau, unpublished observations), suggesting the existence of additional neuronal receptors for RV. Such a situation would not be original among viruses, as the use of more than one receptor or co-receptor has been described frequently. For example, in the case of measles virus, a secondary receptor recognized both by the vaccine strain and the wild-type isolate has been cloned recently (Tatsuo et al., 2000) .
Differences in the pathogenicity within members of the Lyssavirus genus also suggest the existence of additional receptors. Representative viruses from phylogroup I (GTs 1 and 4-7) are pathogenic in mice both by intramuscular and intracerebral routes, whereas members from phylogroup II (GTs 3 and 2) are pathogenic to mice only when injected intracerebrally (Badrane et al., 2001 ; Bahloul et al., 1998 ; Fekadu et al., 1988 ; Jallet et al., 1999 ; King & Crick, 1988 ; Murphy et al., 1973 ; Perrin et al., 1996) . As only viruses belonging to GTs 1 and 6 interact with p75 NTR , other neuronal receptors that are able to mediate virus entry into the nervous system after intramuscular inoculation of GTs 7, 5 and 4 or intracerebral inoculation of members of the phylogroup II (GTs 3 and 2) can be postulated. Efforts are being made currently to identify these other neuronal receptors.
